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In this study, simulation and experiment studies of a 10 kW solar H2O–LiBr absorption
heat transformer (AHT) integrating with a two-stage vapor compression heat pump
(VCHP) were carried out. The whole system was named as compression/absorption heat
transformer (CAHT). The VCHP was used to recover rejected heat at the AHT condenser
which was transferred back to the AHT evaporator at a higher temperature. The AHT unit
took solar heat from a set of flat-plate solar collectors in parallel connection. R-134a and
R-123 were refrigerants in the VCHP cycle. From the simulation, the total cycle coefficient
(COP) of the solar-CAHT was 0.71 compared with 0.49 of the normal solar-AHT. From the
experiment, the total cycle COPs of the solar-CAHT and the solar-AHT were 0.62 and 0.39,
respectively. The experimental results were lower than those of the simulated models due
to the oversize of the experimental compressor. The annual expense of the solar-CAHT
was found to be 5113 USD which was lower than 5418 USD of the solar-AHT. So it could be
concluded that the modified unit was beneficial than the normal unit in terms of energy
efficiency and economic expense.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
In a conventional absorption heat transformer (AHT), low temperature heat is absorbed at the generator and the
evaporator while high temperature heat is delivered at the absorber and there is waste heat rejected at the condenser.
Studies on energy analysis of the AHT have been reported by various literatures. Kiatsiriroat et al. [1] reported thermal
performance of a H2O–LiBr AHT for upgrading low temperature heat such as waste heat from industrial processes or solar
heat. The coefficient of performance (COP) did not exceed 0.5 because there was a high heat rejection at the condenser.
Xuehu et al. [2] also reported test results of the first industrial-scale H2O–LiBr AHT in China which was used to recover waste
heat released from organic vapor at 98 1C in a synthetic rubber plant. The recovered heat was used to heat hot water from
95 1C to be 110 1C. The AHT systemwas operating with a heat rate of 5000 kW with a mean COP of 0.47. The payback period
was approximately 2 years. Sotsil et al. [3] presented a heat transformer absorption cycle operating with water-CarrolTMer Ltd. This is an open access article under the CC BY-NC-ND license
.
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Nomenclature
A area, (m2)
CP heat capacity, (kJ/kg K)
COP coefficient of performance
DT different temperature, (1C)
GTL gross temperature lift, (1C)
IT solar radiation, (W/m2)
_m mass flow rate, (kg/s)
P pressure, (bar)
Q heat rate, (kW)
s entropy, (kJ/kg K)
SC subcooling, (1C)
SH superheating, (1C)
t time, (s)
T temperature, (1C)
U overall heat transfer coefficient, (W/m2 K)
v specific volume, (m3/kg)
W work, (kW)
X concentrate, (%LiBr)
Greek symbol
η efficiency, (%)
ε effectiveness, (%)
ρ density, (kg/m3)
Subscript
A absorber
amb ambient
bulk bulk temperature
C condenser
Coll solar collector
Comp compressor
CW cooling water
e super heat
E evaporator
EC economizer
H high
HS heat source
HW hot water
HX heat exchanger
i inlet
L low
max maximum
min minimum
o outlet
O outlet steam, ambient
P pump
r compression cycle
ref refrigerant
S start
SC solar collector
SP solution pump
ST storage tank
Sup supply
UF useful
UG upgraded
N. Chaiyat, T. Kiatsiriroat / Case Studies in Thermal Engineering 4 (2014) 166–174 167mixture which was more soluble than aqueous lithium bromide mixture. It could be found that the COP was higher and less
crystallization risk was obtained compared with the water-lithium bromide solution. Sozen [4] reported performance of the
AHT that was used to increase a solar pond’s temperature. The COP and the maximum temperature were around 0.4 and
150 1C, respectively. Sencan et al. [5] presented performance analysis of a H2O–LiBr absorption system. It could be seen that
the cooling and heating COPs of the system increased slightly when increased the heat source temperature. Rivara et al. [6]
reported energy analysis of a single-stage H2O–LiBr AHT. It was found that the highest COP was obtained at the highest
solution concentration at around 0.4.
Normally, the overall COP of the H2O–LiBr AHT could not be over 0.5. If the heat rejected at the condenser could be
recovered and supplied back to the evaporator then the COP could be increased. In this study a method to improve thermal
performance of a single-stage H2O–LiBr AHT by taking a two-stage vapor compression heat pump (VCHP) to recover the
waste heat was considered. The modified unit was named as compression/absorption heat transformer (CAHT). Simulation
and experimental studies of the H2O–LiBr AHT with and without the VCHP were performed to study the thermal
performances. The main heat source came from a set of flat-plate solar collectors.2. System descriptions and simulations
Fig. 1 shows a schematic sketch of the solar-absorption heat transformer (solar-AHT). Solar heat is supplied to the AHT
generator and the AHT evaporator at a medium temperature (around 60–80 1C) and rejected heat at a lower temperature
(around 35–45 1C) at the AHT condenser. A higher temperature heat (around 90–120 1C) is obtained at the AHT absorber.
When the VCHP is combined to the AHT cycle to recover the heat rejected from the AHT condenser which is supplied
back to the AHT evaporator, the solar heat could supply at the AHT generator only. Fig. 2 shows a schematic diagram of the
CAHT and a two-stage VCHP having R-134a and R-123 as working fluids.
Both units got heat from a solar water heating system that had a set of 2 m2 flat-plate solar collectors each in parallel
connection. The total solar collector areas were 70 and 36 m2 with a 3000 and 1500 l water storage tank, for solar-AHT and
solar-CAHT, respectively. The solar collector characteristics, FR(τα) and FRUL, were 0.802 and 10.37 W/m2 K [7], respectively.
Fig. 1. Schematic diagram of the solar absorption heat transformer.
Fig. 2. Schematic diagram of the solar-CAHT coupling with a two-stage VCHP.
N. Chaiyat, T. Kiatsiriroat / Case Studies in Thermal Engineering 4 (2014) 166–174168Fig. 3 shows the steps for calculating hot water temperature of the solar water heating system [8,9] and Fig. 4 shows the
steps for calculating the total cycle COP of the CAHT system. The solar radiations (IT) and the weather data of Chiang Mai,
Thailand [10,11] were taken as the input information.3. Materials and methods
In this study, a two-stage VCHP having R-134a and R-123 as refrigerants was used to recover heat at the AHT condenser. The rejected heat was
upgraded and transferred to the AHT evaporator. The specifications and the photograph of the constructed AHT components are shown in Table 1 and Fig. 5
(a), respectively. The specification and the photograph of each component of the two-stage VCHP are shown in Table 2 and Fig. 5(b), respectively.
Fig. 3. Calculation steps for evaluating performance of the solar water heating system.
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From the simulation, the solar radiation (IT) and the ambient temperature (Tamb) of Chiang Mai in April, the hottest month,
were selected for the calculation. It could be noted that the AHT could be operated when the hot water temperature (THW)
Fig. 4. Flow chart of the simulation program for evaluating performance of the CAHT combining with the two-stage VCHP.
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the minimum number of solar collectors for supplying heat to the AHT was found to be 35 units as shown in Fig. 6. The system
could be operated continuously about 5 h/d. The solar-AHT supplied heat about 20 kW at the AHT evaporator and the AHT
Table 1
Descriptions of each component in the constructed AHT.
Devices Properties
Generator (flooded shell and tube heat exchanger, AHT side) Capacity 10.3 kW
Area 1.02 m2
Condenser (shell and tube heat exchanger, AHT side) Capacity 10.6 kW
Area 0.42 m2
Absorber (flooded shell and tube heat exchanger, AHT side) Capacity 1 kW
Area 1.44 m2
Evaporator (shell and tube heat exchanger, AHT side) Capacity 10.8 kW
Area 1.16 m2
Fig. 5. Photographs of the AHT system and the 2-stage vapor compression heat pump. (a) The AHT unit. (b) The 2-stage heat pump unit.
Table 2
Descriptions of each component of the constructed two-stage VCHP.
Devices Properties
Compressor R-134A (reciprocating compressor, VCHP side) Power input 3.70 A
Displacement volume 20.30 m3/h
Compressor R-123 (scroll compressor, VCHP side) Power input 1.50 A
Displacement volume 14.92 m3/h
Evaporator (plate heat exchanger, VCHP side) Capacity 6.00 kW
Area 0.37 m2
Condenser (plate heat exchanger, VCHP side) Capacity 10.00 kW
Area 1.76 m2
Economizer (plate heat exchanger, VCHP side) Capacity 8.00 kW
Area 1.30 m2
Expansion valve R-123 and R-134A (thermo static orifice 02, VCHP side) Capacity 10.00 kW
Pressure ratio 3.00
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Fig. 6. Temperatures of the solar-AHT components for 35 units of flat-plat solar collectors during time of the average day of April.
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Fig. 7. Temperatures of the solar-CAHT components for 18 units of flat-plat solar collectors during time of the average day of April.
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time of day [April]
C
O
P
solar-CAHT
18 untis
solar-AHT
35 untis
Fig. 8. Comparison of the overall cycle COPs of the solar-AHT and the solar-CAHT on the average day of April.
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temperature level.
Fig. 6 also shows temperatures of the solar-AHT components for 35 units of flat-plate solar collector on the average day of
April. It could be seen that the absorption system could generate heat at the absorber at around 80 1C. The AHT condenser
temperature (TC) was nearly constant while the AHT temperatures at generator (TG), evaporator (TE) and absorber (TA) varied
with the hot water temperature (THW) from the solar water heating system.
Fig. 7 shows the temperature profiles of the modified solar-CAHT components. It could be seen that the AHT
temperatures at evaporator (TE) and absorber (TA) were nearly constant while the AHT generator temperature (TG) varied
with THW from the solar water heating system. The required heat rate from solar heat could be reduced and only the number
of flat-plate solar collectors at 18 units was enough to supply the same heat rate for the AHT cycle.
N. Chaiyat, T. Kiatsiriroat / Case Studies in Thermal Engineering 4 (2014) 166–174 173Fig. 8 shows the overall cycle COPs of both models on the average day of April. It could be found that the overall cycle COP
of the solar-CAHT having 18 units of flat-plate solar collector increased around 60% which was 0.77 compared with 0.49 of
the solar-AHT with 35 units of flat-plate solar collector.
Experimental study was carried out to verify the simulation model. A set of 10 units of solar collectors had the same size
and the thermal characteristics as those used in the previous simulation. The system had an auxiliary heater of 10 kW and a
1500 l of hot water tank for supplying heat to the heat transformer system. It could be seen that the boosted temperature of
the CAHT in term of the gross temperature lift (GTL) between the AHT absorber temperature (TA) and the AHT evaporating
temperature (TE) could be increased around 25.6 1C compared with 16 1C of the normal AHT. The condenser temperature
(TC) of the CAHT was lower than the AHT around 6.15 1C. When TC of the CAHT was low, then, the pressure and the
temperature of the generator (TG) decrease. Therefore, the solar heat could supply at the generator more effectively, thus,
smaller number of solar collectors could be used. All the results were shown in Fig. 9. Moreover, it could be seen that the
temperature behaviors of the simulated results agreed quite well with the experimental data.
Fig. 10 shows the H2O–LiBr concentration in the AHT cycles, the overall COPs and the electrical power consumption.
It could be seen that the H2O–LiBr concentration of the simulated resulted agreed quite well with the experimental data. For
the simulation, the overall cycle COP of the solar-CAHT was found to be around 0.71 compared with 0.49 of the normal
solar-AHT. Due to the oversize of the experimental compressor, the experimental results of the overall cycle COPs of the
solar-CAHT and the solar-AHT dropped down to be around 0.62 and 0.39, respectively.
The whole year energy analyses of the solar-AHT and the solar-CAHT for 10 kW at the absorbers were performed for
economic analysis. Table 3 shows the cost descriptions of both systems. It could be found that the total annual expense of
the solar-CAHT was lower than the solar-AHT which were 5113 USD and 5418 USD, respectively.
From the above results, it could be concluded that the solar-CAHT was beneficial than the solar-AHT in terms of energy
efficiency and economic results.0.00
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Table 3
Descriptions of the solar-AHT and the solar-CAHT components and costs.
Devices Solar-AHT Solar-CAHT
Type of solar collectors Flat-plate Flat-plate
Solar collector units (2 m2/unit) 35 18
Capacities of hot water tank (l) 3,000 1,500
Hot water flow rate ð _m5s; l=sÞ 1 0.5
Cost of the absorption machine (baht) 200,000 200,000
Cost of the vapor compression heat pumpa (baht) – 150,000
Cost of solar collector (19,000 baht/unit, baht) [11] 665,000 342,000
Investment cost (baht) 875,000 702,000
Cost of electrical powerb (300 d/y, baht) 15,091 36,690
Maintenance cost (5% of investment cost, baht) 43,750 35,100
Salvage cost (10% of investment cost, baht) 87,500 70,200
Annual expensec (baht) 173,773 163,998
Annual expensed (USD) 5,418 5,113
a Heating capacity is 10 kW.
b Electricity cost is 2.978 baht/kW h.
c Annual discount rate on loans (minimum retail rate, MRR) [12] is 6.45%.
d Exchange rate is 32.0739 baht/USD [13].
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From this study, the conclusions are as follows:1. For 10 kW heat rate at the absorber with the absorber temperature over 70 1C, the number of the solar collectors units of
the solar-CAHT could be decreased about 50% which was 18 units instead of 35 units of the normal solar-AHT.2. From the simulation data, the overall cycle COP of the solar-CAHT was around 0.71 compared with 0.49 of the normal
solar-AHT.3. From the experimental results, the overall cycle COPs of solar-CAHT and the solar-AHT were slightly lower to be around
0.62 and 0.39, respectively.4. The annual cost of the solar-CAHT was 5113 USD compared to that of the solar-AHT which was 5418 USD.
5. The modified unit was beneficial than the normal unit in terms of energy efficiency and economic expense.
Acknowledgements
The authors would like to thank the School of Renewable Energy, Maejo University and Center of Excellent for Renewable
Energy, Chiang Mai University and the Office of the Higher Education Commission, Thailand under the National Research
University Program, Chiang Mai University for supporting testing facilities.
References
[1] Kiatsiriroat T, Bhattacharya S, Wibulswas P. Upgrading heat by a reversed absorption heat pump. Appl Therm Eng 1986;25:175–86.
[2] Xuehu M, Jiabin C, Songping L, Qingyun S, Liang A, Li W, et al. Application of absorption heat transformer to recover waste heat from a synthetic
rubber plant. Appl Therm Eng 2002;25:797–806.
[3] Sotsil SS, Rosenberg J.R. Improvement of recovery energy in the absorption heat transformer process using water-CarrolTM for steam Generation. In:
International conference on chemical and process engineering, Italy; May 10–13, 2009.
[4] Sozen A. Effect of irreversibilities on performance of an absorption heat transformer used to increase solar pond’s temperature. Renewable Energy
2003;29:501–15.
[5] Sencan A, Yakut KA, Kalogirou SA. Exergy analysis of lithium bromide/water absorption system. Renewable Energy 2005;30:645–57.
[6] Rivara W, Cerezo J, Martines H. Energy and exergy analysis of an experimental single-stage heat transformer operating with the water/lithium
bromide mixture. Energy Res 2009;34:1121–31.
[7] Sanguantrakarnkul P. Projection of a solar water heating system for Abattoir.(MEng thesis). Thailand: Chiang Mai University; 2006.
[8] Duffie JA, Beckman WA. Solar engineering of thermal processes. English 1980.
[9] Vorayos N, Vorayos N, Kiatsiriroat T. Experimental investigation of ethanol distillation system with different types of solar collectors. In: Annual
conference of ANZSES 2003—destination renewables; November 26–29, 2003.
[10] RETScreen data, 〈http://eosweb.larc.nasa.gov/sse/RETScreen/〉 [accessed 5 June 2014].
[11] The ambient temperature at Chiang Mai, 〈http://www.tmd.go.th/thailand.php〉 [accessed 5 June 2014].
[12] Minimum retail rate (MRR), 〈http://www.ktb.co.th〉 [accessed 5 June 2014].
[13] Exchange rate, 〈http://www.bot.or.th/〉 [accessed 5 June 2014].
